In this paper a simple and very effective control system to monitor and suppress the beam jitter noise at the input of an optical system, called Beam Pointing Control (BPC) system, will be described showing the theoretical principle and an experimental demonstration for the application of large scale gravitational wave interferometers, in particular for the Advanced Virgo detector.
In this paper a simple and very effective control system to monitor and suppress the beam jitter noise at the input of an optical system, called Beam Pointing Control (BPC) system, will be described showing the theoretical principle and an experimental demonstration for the application of large scale gravitational wave interferometers, in particular for the Advanced Virgo detector.
For this purpose the requirements for the control accuracy and the sensing noise will be computed by taking into account the Advanced Virgo optical configuration and the outcomes will be compared with the experimental measurement obtained in the laboratory. The system has shown unprecedented performance in terms of control accuracy and sensing noise. The BPC system has achieved a control accuracy of ∼ 10 −8 rad for the tilt and ∼ 10 −7 m for the shift and a sensing noise of less than 1 nrad/ √ Hz resulting compliant with the Advance Virgo gravitational wave interferometer requirements.
I. INTRODUCTION
The beam pointing noise is an issue impacting the performance of various optical systems.
Complexity of high power lasers systems usually creates rather unstable pointing performance which can be a major issue for their applications [1] [2] [3] . Pointing stabilization can be necessary in many areas of physics such as atom optical trapping [4] , microscopy [5] or free-space laser communication [6] . It can also be a major source of * presently at detector sensitivity [7, 8] . In order to mitigate this effect, the input beam jitter is filtered out by means of a mode cleaning cavity. Despite this precaution, the commissioning of the first generation of GW detectors showed that the input beam fluctuations can be a limiting technical noise especially for frequencies around 100 Hz.
This could be even worse for the second generaarXiv:1401.4981v1 [physics.optics] 20 Jan 2014 tion of detectors [9, 10] where jitter specifications at low frequency become even more stringent because of the radiation pressure effects [10] . In addition, the fluctuations of beam pointing at low frequencies (DC-10Hz) can impact the ITF lock accuracy, which indirectly degrades the detector sensitivity [11] . In this paper the specifications of input beam jitter over the whole frequency band of the 2 nd generation detector Advanced Virgo (DC-10kHz) will be evaluated. A system to monitor the input beam jitter and to estimate the compliance of measured jitter noise with respect to the specifications will then be described. The beam jitter at the input of the IMC impacts the detector performance in different ways depending on the perturbation frequency. In this section, the calculation of the jitter requirements in the detection frequency band (from 10 Hz to kHz) and at lower frequencies (DC-10Hz) will be carried out.
A. Calculation of beam jitter requirements for Advanced Virgo in the detection frequency band.
In this section the method that has been used to compute the beam jitter requirements for Advanced Virgo at the interferometer (ITF) input, i.e. at the level of the Power Recycling
Mirror (PR), will be described. The require-ments at the IMC input will then be determined taking into account the IMC and the shaping optics properties.
The jitter of the ITF input beam couples into the dark fringe signal through optical asymmetries between the two arms of the interferometer and therefore it mainly couples through the residual RMS tilt motion of the core optics [8] . The effect of the jitter noise will then be converted into sensitivity by evaluating the response of the interferometer T F W/h , from h to Watt, which has been computed with the Optickle simulation software [16] to take into account the radiation pressure effect.
The requirement for the input beam jitter is then computed as:
where h AdV /10 is the target Advanced Virgo strain sensitivity taking into account a factor 10 safety margin. The T F T EM 01 is the outcome of the Finesse simulation and T F W/h is the response of the interferometer obtained with
Optickle.
It is worth noting that two different packages had to be used for this computation since Finesse does not take into account the radiation pressure effect which plays a key role in the second generation interferometers due to the high circulating power, making the requirement more stringent at low frequency. On the other hand
Optickle does not allow to introduce asymmetries into the model, such as the static misalignment of the optics, which is the main coupling channel of the beam jitter to the gravitational wave signal.
The calculation method presented here has been validated in Virgo, by measuring accurately the The shaping optics effect can be taken into account by using the ABCD matrix formalism.
Considering that
is the ABCD matrix of the shaping optics [10] , the lateral and angular beam jitter at the IMC input, x IM C and θ IM C , can be calculated starting from the jitter at the ITF input, x IT F and θ IT F , as:
where x input mirror can be computed as:
where d is the distance between the first two mirrors of the IMC, the ABCD matrix is given by Equation 2 and L is the distance between the PR mirror and the input mirror (IM). The requirements on the beam shift, x IM C , and beam tilt, θ IM C , are then [22] :
These requirements are hard to achieve as large pointing fluctuations are expected at low frequency due to temperature variations and air flux.
In order to evaluate and to ensure that the jitter of the beam at the IMC input port is compatible with requirements calculated in the previous sections II A and II B, a system, to monitor shifts and tilts in the frequency band 10 Hz -10 kHz and to mitigate the jitter at frequencies below 10 Hz, has to be developed. The quadrant signals are then used in a feedback loop using two tip/tilt piezo mirrors as actuators.
Analytical computation
In this section the sensitivity of the NF and FF sensing setup will be calculated. The first step is to evaluate the quadrant sensitivity to the beam displacement. Considering a beam, with a beam radius w, which impinges the quadrant diode, the intensity on the sensor can be written as:
Considering then that the quadrant is composed of four distinct square zones of size a, separated by a gap 2b (see Figure 5 ), the quadrant horizontal output signal for a beam misalignment (x qd ,y qd ) in the two directions can be written as:
where α is the quadrant photo-diode responsivity and the function h i describes the response of the different zones of the sensor which can be expressed using the heaviside function Θ:
After convolution using the Equation 9, it can be found that:
where
In the following, for simplicity, only the horizontal response S(x qd ) of the sensor for a perfectly vertically aligned beam will be considered:
with
For x qd w we obtain:
x qd (13) and the response of the sensor can be linearized as:
with gap, w b, and much smaller than the sensor size, w a, the normalized signal is:
The second step is to design the optical configuration of this setup. This optical system should be designed in order to detect the pure shift of the beam on the IMC input on the NF quadrant diode and the pure tilt on the FF quadrant diode [23] .
The beam shift and tilt at the input of the IMC is described by the vector
in the following a more general notation will be used, 
The displacement on the sensor is then:
Then the FF can be sensed by placing a quadrant at d = f and the NF by placing a sensor at d = df d+f . Since the quadrant sensitivity drops to zero for small impinging beams, for which w 2 b 2 , the one-lens setup cannot be used for the the FF since it requires placing the quadrant in the lens focus.
For the NF the displacement x qd measured by the sensor is independent of θ in and becomes:
where K N F is the displacement amplification factor:
The quadrant signal, by using the eq. 14 16 19, can be written as:
where w N F is the beam radius at the position of the quadrant sensor. The beam radius as a function of the distance z from the lens can be written as:
where z 0 and z R are respectively the waist position and the Rayleigh range of the beam after propagation though the lens. Using the ABCD matrix propagation, it can be found:
w N F can then be calculated from eq. 22:
With (
and the quadrant signal can be written as:
The sensitivity of NF sensing with a quadrant does not depend on the optical setup but only on the waist size of the monitored beam. For the FF, a telescope formed by two lenses of focal length f 1 and f 2 separated by a distance d 12 is used to shape the beam on the quadrant diode,
i.e. to obtain the beam size which maximizes the sensitivity for the given quadrant photo-diode parameters (a and b) as it is shown in Figure 6 .
For a quadrant placed at a distance d =
, the displacement x qd measured by the sensor is independent of x in and becomes:
where w F F is the beam radius at the position of the quadrant sensor. In the same way as for NF, the ABCD matrix propagation has been used to calculate w F F :
Similarly to what was obtained for the NF, the FF quadrant sensitivity is independent of the setup and only depends on the divergence λ/(πw 0 ) of the monitored beam. it can be easily used to calibrate the two piezo actuator (P zt 1/2 ). The result of this calibration is depicted in Figure 10 Table II 
